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Results are presented for fluid transport and turbulence simulations in the edge region
of a tokamak using a transport code and a turbulence code. The codes are UEDGE, which
calculates two-dimensional plasma and neutral gas profiles, and BOUT, which calculates
three-dimensional plasma turbulence using experimental or UEDGE profiles. Both codes

describe the plasma behavior using fluid equations.



I. Introduction

Understanding plasma profile evolution and plasma turbulence are two important as-
pects of developing a predictive model for edge-plasmas in tokamaks and other fusion-related
devices. Here we describe results relevant to the L-H transition phenomena observed in
tokamaks!? obtained from two simulations codes which emphasize the two aspects of the
problem. UEDGE?* solves for the two-dimensional (2-D) profiles of a multi-species plasma
and neutrals given some anomalous cross-field diffusion coefficients, and BOUT®® solves for
the three-dimensional (3—D) turbulence that gives rise to the anomalous diffusion. These
two codes are thus complementary in solving different aspects of the edge—plésma transport
problem; ultimately, we want to couple the codes so that UEDGE uses BOUT’s turbulent
transport results, and BOUT uses UEDGE’S plasma profiles with a fully automated iter-
ation procedure. This goal is beyond the present paper; here we show how each aspect of

the problem, i.e., profiles and turbulent transport, can contribute to L-H type transitions.

A focus of this paper is the generation of the radial electric field, F,, in the edge-plasma.
region. It is known that the shear in the ExB/B? rotation caused by rapid radial variations
in E, can stabilize plasma instabilities,” and this mechanism is expected to be a major factor
in the L-H transition.! In our simulations with the UEDGE and BOUT codes, we have a
unified treatment of regions on both sides of the magnetic separatrix. There is a natural

transition layer about the magnetic separatrix which divides open and closed magnetic field

line regions.

The plan of the paper is as follows: In Sec. II, the geometry and basic equations are
given. The effects of several parameters the calculated radial electric field from the UEDGE
model are presented in Sec. III. Results turbulent diffusion coefficients from the BOUT code

are shown in Sec. IV. The conclusions are sumhuarized in Sec. V.

IT. Equations and Geometry

The basic models in the UEDGE and BOUT codes are obtained from the plasma fluid
equations of continuity, momentum, and thermal energy for both the electrons and. ions as

given by Braginskii.®In their general three-dimensional form, these six equations represent



ten separate partial differential equatioﬁs for ne, ni, ve, v4, Te, and T;. UEDGE and BOUT
use similar assumptions to reduce the complexity of their models. Both codes solve for the
variables n;, (|, Le, T3, and the electrostatic potential, ¢. The current continuity equation
is used as the equation for ¢. In addition, BOUT solves for the magnetic vector potential,
Ajj- Both codes assume that the perpendicular ion motion is dominated by the ExB and
diamagnetic velocities, with corrections from the ion viscosity tensor; BOUT also includes
the full inertial terms as important corrections for the turbulence. More details of these

models can be found in Refs. 3-5,11.

Both UEDGE and BOUT use the same mesh in the poloidal plane based on poloidal
magnetic flux surfaces from an MHD equilibrium code such as EFIT, with an orthogonal,
or scmetimes non-orthogonal, flux-surface-aligned. Typically a region several centimeters
inside and outside the magnetic separatrix is included. Both codes use fully implicit Newton-

Krylov to advance the finite-differenced equations in time or to find steady-state equilibrium

profiles (for UEDGE).!2

III. Equilibrium edge-plasmas using UEDGE

The shear in the radial electric field, E,, is believed important to the stabilization of

edge turbulence which allows the discharge to make the transition to H-mode confinement

with an edge transport barrier.! We consider the variation of E, obtained from the UEDGE - -

gquilibrium model with three quantities: core power, perpendicular ion viscosity, and charge
uncovering due to possible prompt ion loss near the separatrix. Variations are performed
about a base-case for the single-null DIII-D tokamak geometry® using a core-edge density of
3% 10" m™3, and a total power of 2 MW split equally between ions and electrons. The ion
'V E drift is toward the X-point, and the piate recycling coefficient is varied from R, = 0.95.
Constant turbulent radial diffusion coefficients of 0.5 m?/s are used, except that the ion

perpendicular viscosity is allowed to varying in one subsection.

Experimentally, it is observed that the L-H mode transition occurs as the auxiliary heat-
ing to the plasma core increases.! We model that here with a series of UEDGE calculations
where the ion and electron core power is varied. The resulting F,. radial profile at the outer

midplane is shown in Fig. 1. The depth of the well in E, is a strong function of total power,



split evenly between ions and electrons. The ExB velocity varies as E,/B and thus has
a strong shear where F, does. There is therefore a natural evolution to a stronger shear
layer as the power is increased, favoring suppression of turbulence. In an earlier paper,! we
showed how a reduction of all the turbulent diffusion coefficients likewise leads to a deepen-
ing of the E, well. Thus, these two effects can work together to cause a rapid suppression
of turbulence, although a full dynamical model remains to be done. In part, the deeper
E,-well is caused by the larger ion pressure gradient at higher power, but the total effect is

stronger than one would expect based on ion pressure balance alone.

In the UEDGE model, the radial current component in the current continuity equa-
“tion that depends on ¢ explicitly is modeled as arising from a (turbulently) enhanced ion

perpendicular viscosity.41° This current is given by
_Vg (1)

where v, is the viscosity coeflicient, and V, = [-E,+V, P;/(¢n)]/B is the ion perpendicular
drift velocity lying in the flux surface. For a turbulence-enhanced value of v, ~ 0.5 m?/s,
the magnitude of this current is still typically small compared to the VB current, yet it
yields the needed dependence on ¢ to allow one to solve for the potential in moving across
the separatrix from the open to closed B-field line region. The dependence of the E, profile
on the magnitude of v, is shown in Fig. 2. Over the order-of-magnitude range shown,
the viscous current plays the role of connecting the solutions determined by the different
open and closed field-line physics, and its the magnitude is not very important. There is
still an issue of whether or not a diffusive descr'ip'tioﬁ. of this turbulence-driven current is

appropriate, and in Sec. IV, we use BOUT to measure an effective 1, .

Finally, we estimate the influence of a prompt loss of core ions near the separatrix edge.!*
These losses can occur for sufficiently hot edge ions whose banana orbits contact boundary
surfaces. This is simply modeled as a uniform ion particle sink in the outer-half of the
core-edge region; in practice, this region should be limited to about one poloidal gyroradius

(~1—2cm in DIII-D). The current continuity equation thus becomes
VT ==IHo/Vo (2)

where H,. is unity in the outer 1/2 of the core-edge region and zero elsewhere, and V,,

is the volume of the outer core-edge region. The current Ip; gives the total magnitude of



the assumed prompt-loss current. The same sink term, divided by ¢, appears in the ion

continuity equation.

The effect of this charge imbalance is mitigated some by the parallel electron (Pfirsch-
Schluter) currents, and the net effect can be determined from our model. The results of
three cases with I,y = 0, 250, and 500 A are shown in Fig. 3. The qualitative change
is to further decrease Er which can be deduced from Egs. (1) and(2): a large v and
thus, in the shear layér, a more negative I, is required to satisfy current continuity and
so maintain quasineutrality. Determining the magnitude of the change requires the more
complete UEDGE model. Figure 3 implies that a prompt-loss current of more than 250
Amps is requlred to have much effect for our DIII-D case. Note also that the response is
noniinear, Wlth the incremental decrease in £, from 500 Amps being much’ more that twice

the 250 Amp case.

IV. Turbulent diffusion coeflicients from BOUT

As discussed in Sec. III, the UEDGE code uses enhanced classical ion perpendicular
viscosity v, to model the radial current as described in Eq. (1). In this section we give a
derivation of an equivalent turbulent viscosity which we still term v, , and use BOUT to

measure it.

Starting from the momentum equations and using the well-known gyro-viscous cancel-
lation, the total momentum equation becomes
F;

nm;
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Equation {3) can be combined with the c‘o‘ntinuity equation to yield the momentum density
equation. The V1 X bg/B, or geodesic,. 'c"ol"rlnﬁf):oﬁent of the momentum equation yields an:
expression for the radial current. Averaging this current over a toroidal angle and over the

fluctuation time scale yields
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Where we have used the definition of the magnetic field B = I(¥)Ve + Ve x Vi, with
¥ being the poloidal magnetic flux and ¢ being the toroidal angle. Also, J,. is Jacobian,
R is the major radius, and I'j is the turbulence-generated geodesic momentum flux. The
key ballooning assumption is d/df ~ —qd/8¢ for annihilation of the additional poloidal
derivative terms for the fluctuations. Assuming the geodesic momentum flux is diffusive, as
is done in the UEDGE simulations, and as may be expected when the momentum convection
is small, the turbulence-generated viscous momentum flux can then be written as

r, = —l/alaizz(nmiRVg). (7

This equation is used to éalculate Va1 using I'y measured from BOUT and nm;V, from the
equilibrium prgﬁles. A similar turbulent viscous momentum ﬂusc has been given by Hinton
and Kim'® from a kinetic theory and from the fluid turbulence theory.'® The turbulent
viscosity v, plays a role similar to the classical perpendicular ion viscosity v;;, generating
the radial current in order to satisfy the quasi-neutrality in boundary plasmas across the

magnetic separatrix.

The measured turbulent viscosity v,; from the BOUT simulation is shown in Fig. 4
(solid line). The magnitude of this viscosity is typically similar to the particle and heat
diffusivities, such as the ion heat diffusivity x; shown in Fig. 4 (dashed line). However,
note that the viscosity is not always positive, indicating there exists non-diffusive transport
of the perpendicular momentum. BOUT typically calculates the turbulent self-generated
electric field. In the measurement of turbulent viscosity shown in Fig. 4, this field is set to
zero. When the turbulent self-generated electric field calculation is turned on, the turbulent
viscosity is even more negative due to the non-zero turbulent convection. The turbulent
viscous momentum flux has strong poloidal dependence and has opposite signs in different
poloidal locations. Therefore the radial current also-has spposite signs in different poloidal
iocations, and it does not charge the plasma due to the global charge conservation. In
contrast, the heat fluxes are positive along the flux surface, and the heat flows out from the
core to the scrape-off layer across the magnetic separatrix as expected. The constraint for
global ambipolarity ¢ ds-J ~ 0 on the last closed flux is numerically satisfied in BOUT by
using the radial current given by Eq. (4). The radial current Jy flows out at the midplane
and flows in near the X-point regions. The parallel current in the SOL flows to the X-point

regions and connects them to close the loop.



V. Conclusions

We have presented simulation results from the 2-D UEDGE transport code and the
3-D BOUT turbulence code to elucidate various physical mechanism relevant to the L-H
transition regime for edge plasmas. The variation of the radial electric field, F,., with
the following parameters has been investigated with UEDGE: power from the core plasma,
anomalous perpendicular viscosity cbefﬁcient, and charge uncovering from prompt ion losses.
With the exception of the magnitude of the perpendicular viscosity coefficient, these effects
can have a strong effect on the depth of the E, well, and its radial gradient. The resulting
shear in the E,./B poloidal velocity can substantially reduce the turbulence transport in the
sdge-plasma region as shown by dciailed BOUT simulations for DIII-D paratueters reported

elsewhere.l1

We have also performed BOUT simulations which begin with initial experimental profiles
from DIII-D, but then evolve the background profiles of ion temperature and density by
using sources near the core boundary and sinks in the scrape-off layer region. For sufficient
ion heating (similar to the experiment), this model shows a transition from L-mode-like state
with high turbulent edge transport to H-mode-like state with much reduced transport. The

details on these simulations are discussed elsewhere.l”
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Figures
FIG. 1. The radial electric field, E,, at the outer midplane versus position from the magnetic
separatrix for four levels of power crossing the core boundary.

FIG. 2. Radial profiles of E, for several values of v, , the perpendicular ion viscosity in

Eq. (1).
FIG. 3. Radial profiles of E, for several values of the prompt-loss ion current, I,,;, in Eq. (2).

FIG. 4. The turbulent diffusion coefficients from BOUT: (a), the perpendicular turbulent

viscosity v, ; and (b), the ion heat diffusivity x;.
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